I
n the Book of Exodus, a plague of locusts covered the land of Egypt as one of 10 miraculous signs from God to warn and dishearten Pharaoh. Swarming locusts of biblical scale are still a source of great fear across the world; northern Africa is experiencing one of its worst outbreaks of the desert locust in the past 50 years. Close to home, on a remote island off the west coast of México, one can presently fi nd a great swarm of locusts. Nature has performed an intriguing colonization experiment on Socorro Island, where we witnessed some amazing aspects of locust biology. This is a story of our journey, a closer look at the locust island. 
The
Locust Island endemic species (31.7% of the vertebrate fauna is endemic) and have been compared with the Galá-pagos Islands in terms of biodiversity (Brattstrom 1990) . The International Union for Conservation of Nature and Natural Resources (IUCN) has considered the islands a priority biodiversity area since 1980, and the Méxican government declared the islands to be a Biosphere Reserve in 1994 (Valero et al. 2005) . Despite these efforts, the islands are severely impacted by introduced exotic animals and human activities. Of the four islands, Socorro Island (15 × 15 km) is unparalleled in its biological diversity and complexity. In the center of the island, there is an active volcanic mountain (1,130 m), Mt. Evermann, named after Barton Warren Evermann, director of the museum and the Steinhart Aquarium of the CAS, who organized the 1925 expedition (Hanna 1926) . Socorro Island is in a tropical climate zone, with a hurricane season between June and October (Valero et al. 2005) . The lower elevations (0-400 m) in the southern part of the island have a semidry climate, whereas the higher elevations in the northern part have a sub-humid climate (with a mean annual precipitation of 600 mm/yr). Although the vertebrate fauna is well known, the island's entomofauna is poorly studied.
How Our Involvement Began
In December 2002, Victor Lichtinger, the Environment Secretary of México, visited the naval station on Socorro Island, where he witnessed a massive swarm of locusts. Lichtinger, an environmental economist by trade, realized how much damage the locusts could cause to the native fl ora and wanted to control them right away, but he fi rst needed to know what they were. Lichtinger collected four adult locusts in a Coke bottle, which he soon handed to biologist Jorge Soberón, the director of CONABIO (Comisión Nacional para el Conocimiento y Uso de la Biodiversidad). Soberón carefully pinned the specimens and sent them to Scott Miller, Entomology Department Chair of the National Museum of Natural History of the Smithsonian Institution, for identifi cation. At about the same time, staff of the group Island Conservation (IC), under the direction of Bernie Tershy, visited S. socorro and witnessed a locust swarm; and they took several photographs as evidence. In October 2003, Juan Cornejo, the curator of birds at AfriCam Safari, México, visited the island and encountered yet another strange phenomenon. He was welcomed by millions of yellow and red wingless grasshoppers that were voraciously eating all the vegetation. He took several photographs, hoping to learn what they were.
E-mails and photographs circulated frantically among island biologists and entomologists. Soon, a group of orthopterists (David Weissman, Ludivina Barrientos-Lozano, and Hojun Song) agreed to work on this problem and submitted recommendations to the Méxican government in January 2004. Based on these recommendations, CONABIO authorized a year-long ecological study of locusts on Socorro Island, and Zenón Cano-Santana, a professor at Universidad Nacional Autónoma de México (UNAM), became the principal investigator of this project. With the help of the Méxican Navy, seven trips to the island were taken, starting in February 2004.
Identity Revealed
Of the approximately 10,000 described species of grasshoppers (Acrididae) in the world, only a handful deserve to be called "locusts," which commonly refers to grasshoppers that can swarm. These species exhibit phase polyphenism (Sword 2003) and can change behavior, color, morphology, and physiology in response to changes in density (Uvarov 1966 (Uvarov , 1977 Steedman 1990) .
Locusts can exist in two distinct phases depending on population densities. When present at low densities, they are in a solitarious phase and usually sedentary, and they avoid each other. As population densities increase, locusts enter a gregarious phase and actively aggregate and cohesively move. Locusts can freely transform between the two phases, and individuals in transition are said to be in a transient phase. Although the phase is a phenotypically plastic response to biotic and abiotic conditions, the most important factor for phase change is local population density, which can be sensed through a special mechanoreceptor located on the hind femur (Simpson et al. 2001) .
Behavior is the fi rst character to respond to density changes, but physiological changes, such as color, metabolism, and shape, follow once the gregarious phase begins (Simpson et al. 1999 ). Persisting gregarious phase over several generations can lead to the outbreak process. One of the worst locust outbreaks in Africa was caused by the desert locust, Schistocerca gregaria (Forskål); and lasted for 13 years (1949) (1950) (1951) (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) , affecting almosts 50 countries. A large desert locust plague can contain up to 150 million individuals per km 2 . Half a million locusts weigh approximately 1 ton, and 1 ton of locusts eat as much food in one day as about 10 elephants, 25 camels, or 2,500 people (Steedman 1990 ). The extinct Rocky Mountain locust, Melanoplus spretus Scudder, was a source of fear in the United States, with the largest known modern swarm of any insect. In 1875, an outbreak caused by M. spretus was estimated to contain 3.5 trillion locusts, covering an area of 198,000 square miles (Lockwood 2004) .
To say that the "locusts" on Socorro Island were truly locusts, their phase characteristics needed to be studied. However, because the biologists and military personnel on the island were not familiar with the phase theory, they could only provide anecdotal statements such as "there are millions of them," or "they form a large swarm." Palacios-Vargas et al. (1982) published a preliminary list of terrestrial arthropods on Socorro Island and listed 128 species. According to the list, there are only two grasshopper species on the island: Trimerotropis pallidipennis pallidipennis (Burmeister) and Schistocerca americana socoro Dirsh. The former is a medium-size band-winged grasshopper, which almost never occurs in large numbers. Nothing is known about the latter except that it is endemic to the island. Was it the endemic species that was swarming? Was it something else? Was it really a swarm?
The four adult specimens, collected by the Environment Secretary of México, were ultimately delivered to Hojun Song at Ohio State University. An additional 11 specimens were collected in March 2003, and subsequently delivered to Song. Even from a glance, it was clear that all specimens were Schistocerca spp. because they had the characteristic subgenital plate. Song examined other specific characters such as male cerci, tegmina, pronotum, and phallic complex and concluded that the identity of these specimens was S. piceifrons (Walker), the Central American locust. In other words, Socorro Island had a third grasshopper species, which was not reported by Palacios-Vargas et al. (1982) . Schistocerca piceifrons is a well-known swarming locust distributed from México south of the Tropic of Cancer and into Central America. Its southern subspecies, S. piceifrons peruviana Lynch Arribálzaga, occurs in Peru and southern Ecuador (Harvey 1981 (Harvey , 1983 . However, the fact that it has the potential to swarm did not mean that the population on the island was swarming because phase is a plastic response to local conditions. There was plenty of anecdotal evidence that suggested that they were gregarious, but we needed physical evidence, like a photograph, for example. Fortunately, the foresight of Tershy and Cornejo was very useful.
One of the photographs by Island Conservation was a snapshot of a locust flight, and in it about 300 individuals were all flying in the same direction. Cohesive flight is one of the behavioral characteristics of the gregarious phase. The population size was probably very large because the photograph captured a relatively small area between trees. All individuals were flying at a high altitude, indicating that the flight muscles were fully mature. Locusts spend a few days after the final emergence as fledglings, a teneral period during which internal muscles and cuticle rapidly develop (Neville 1963) . At this stage, the body is relatively soft, and only sporadic short flight is possible. A full-scale flight, as shown in the photograph, demonstrated that the locusts were at the post-teneral stage. The time when the photograph was taken and the time when Lichtinger collected the specimens were approximately the same. The collected specimens were reddish brown. Sexually mature individuals turn bright yellow, a process that depends on temperature and can take as long as 30 d after the final molt (Norris 1954) . In other words, the locusts that Lichtinger and IC staff observed were not yet sexually mature. One of the photographs that Juan Cornejo took in October 2003 depicted a dense aggregation of last instar S. piceifrons nymphs. They were bright yellow, red, and black, typical of the gregarious phase. Such nymphs must have been exposed to long-term high density because color takes longer to change in response to changes in density than does behavior (Simpson et al. 1999 Dirsh (1974) as S. americana benedicto, but Dirsh did not provide any justification for his description other than the fact they were collected on a remote island. In fact, Dirsh was notorious for creating island subspecies. His 1974 revision is considered problematic by many taxonomists because he used an obscure species concept derived from a phenetic technique, which was not repeatable (Song 2004a, b) . One of the most disastrous taxonomic treatments in his revision was to synonymize all the agriculturally important species under S. americana (Drury), which was the oldest name. For example, even the well-known desert locust was sunk as S. americana gregaria because it was morphometrically similar to S. americana.
Troubled taxonomists began testing Dirsh's species concept with a series of hybridization experiments (Harvey 1979 (Harvey , 1982 Jago et al. 1979 Jago et al. , 1982 , and Harvey (1981) reclassified the taxa that were synonymized under S. americana, establishing five species and four subspecies. In his 1981 work, Harvey compared and studied all the type specimens and synonymized S. americana benedicto under S. piceifrons. Song recently visited the British Museum of Natural History and compared both types (S. americana benedicto and S. piceifrons) with the re-1 On 1 August 1952, San Benedicto Island experienced the largest documented volcanic explosion in the eastern Pacific Ocean, which covered the entire island with a cloud of ash within 20 min (Brattstrom 1990) . Any remaining descendants of the population that Hanna (1926) observed were undoubtedly eliminated, and the specimens collected during the 1925 expedition are the only known S. piceifrons from that island. The identity of the second grasshopper species referred to by Hanna (1926) is unknown. In 2000, David Weissman examined Orthoptera from San Benedicto Island: Present are a Gryllus field cricket, Neoconocephalus katydid, and oedipodine grasshopper nymphs. cent specimens from Socorro Island and concluded that all three collections are conspecific.
In his 1974 revision, Dirsh described another subspecies, this one from the specimens collected from Socorro Island during the 1925 expedition. He recognized that it was different from S. americana benedicto and named it S. americana socoro, again without much justification. Also, he misspelled the subspecific epithet as "socoro" despite the fact that the collecting label clearly stated the correct spelling of the island. This is unfortunate because it is the only known endemic grasshopper from Socorro Island. In his reclassification, Harvey (1981) did not discuss S. socorro because of inadequate biological data. Song (2006) redescribed this species and changed the specific epithet to reflect the correct name of the island; and in this paper, we refer to it as S. socorro or the endemic species. Before the CONABIO-sponsored investigations began, the endemic species was only known from the type series of 12 specimens (Dirsh 1974).
First Impression
In October 2004, Hojun Song joined the team from UNAM to visit and study the ecology of Schistocerca on Socorro Island. The research was sponsored by CONABIO in order to learn how much the swarming locusts were affecting the native flora and fauna. The UNAM team consisted of José Luis Castillo, the leader of the trip; two undergraduate students, Marcos Flores and Ivan Hernandez; and an amateur naturalist, Enrique Arias. The objectives were clear and simple: to learn as much as possible about both Schistocerca spp. on the island. The ultimate goal was to provide enough information to CONABIO so that an adequate management scheme could be developed.
The UNAM team had a laptop that contained photographs taken in August 2004. In one photograph ( Fig. 2) , hundreds of yellow locusts were all copulating at the same time; group copulation is a characteristic of the gregarious phase (Loher 1959) . When a swarm contains sexually mature locusts, they feed less frequently and mate frantically. Another picture showed numerous holes in dry ground, an indication of group oviposition, which is another characteristic of the gregarious phase (Popov 1958 ). There were also several pictures of nymphs. One picture (Fig. 3) showed about 50 first instars holding onto a single branch of a plant. The overall coloration of these nymphs was green; but black markings on the pronotum, abdomen, and hind femur were evident. Another picture was of a second instar congregation. The nymphs were visibly darker and their overall coloration was reddish brown rather than green. From the photographs, we could deduce that the mating season for this locust species was July and August, with eggs hatching in mid-to late August, since incubation typically requires 3 wk. Apparently, there were several populations on the island with slightly different phenologies. Thus, we would expect to see last instar nymphs and teneral adults once on the island.
Our Méxican Navy ship was supposed to depart on 15 October from Manzanillo, but the departure was delayed because of a developing storm in the Pacific Ocean. The storm finally passed, and we left port on 17 October. The ship was a Méxican naval vessel that was used during the World War II era, but is now modified to serve as a patrol ship. The trip was very slow; it took about 32 h to travel from Manzanillo to Socorro Island, a distance of some 300 nautical miles.
As soon as we stepped onto the island, we noticed high activity of last instars of locust nymphs. As we walked up to the field station, we saw hundreds of locusts flying. Their flight seemed to be sporadic, however. Locusts flew high up, but they soon came down and settled. We caught a few flying adults. Judging from the pinkish-red color and soft body, they were all teneral. Their flight muscles were not mature enough to sustain a continuous flight. Indeed, the population around the field station was composed exclusively of last instars and teneral adults. All the nymphs had the characteristic red and black gregarious coloration.
After unpacking, we hiked down to Braithwaite Bay. This was the location where a large swarm descended in 1996 (L.B.-L., unpublished). It was also one of the study sites for the UNAM team. Moreover, this is the type locality of the endemic species.
A large grassy pasture was spread out along an unpaved dirt road. Farther into the grassy pasture, we began to see different kinds of shrubs and cacti. The most dominant shrub was native Croton masoni I. M. Johnst. (Euphorbiaceae), a medium-size woody plant with thick, hairy leaves. Locusts were everywhere, with many last instars and adults, all with bright gregarious coloration, sitting in this shrub (Fig. 4) . Some of the shrubs were without leaves, left only with bare stems. Underneath these bare shrubs, we found thousands of dried locust fecal pellets. The locusts had consumed all the leaves. However, the entire field was still green. There were at least five nymphs holding onto each C. masoni stem. Whenever we stepped into the grassy pasture, a small cloud of locusts would fly up and quickly land. However, except for the large population size, we did not see any gregarious behavior because flights were more sporadic than cohesive.
"Ninfas verdes!" José Luis Castillo, the leader of the UNAM team, shouted. He was pointing toward a small sprawling plant along the road. It was Boerhavia coccinea Mill. (Nyctaginaceae), a perennial herb native to California, but introduced on Socorro Island. This plant thrives in dry, disturbed habitats (CalFlora, 2005) . The plant was prostrate and had many small pink flowers. At first we could not see anything, but soon we saw the reason for Castillo's excitement. There were several green nymphs, all in different stadia (Fig.   5 ). They looked nothing like gregarious nymphs. They were bright green in color. It was definitely different from S. piceifrons. We might have found nymphs of the endemic species! It was getting dark and we were all exhausted. On the way back, Song started running and swung his net. He came back with a big grin on his face. "Socorro!" he shouted. In his hand was a brownish-gray grasshopper, which looked definitely different from S. piceifrons. It had a mottled pattern on its wings, an orange stripe on its head and pronotum, and orange antennae (Fig. 6) . It was also much smaller than S. piceifrons. There were only two known Schistocerca spp. from the island, and if one was the locust species, it would automatically make this different one the endemic species. If this were true, the green nymphs must be the endemic species as well. Considering that it was the first day on the island, we did very well, but we felt that it was a bit too easy. Song could not shake the feeling that this specimen he just caught looked exactly like a common Schistocerca spp. in the western United States, S. nitens (Thunberg).
Search for the Endemic Species
The type series of S. socorro was collected at Braithwaite Bay in 1925 by Hartford H. Keifer, the assistant curator of the California Academy of Sciences. Song compared the specimen he had just collected with the photographs of the type specimen stored in his laptop, and he became confused. The specimen in his hand did not resemble the type specimen of the endemic species. Rather, it agreed in every aspect with the type of S. nitens. If we had found both species at Braithwaite Bay, it would indicate that the locust species might not be negatively affecting the endemic species despite its large population size. However, if we did not find the endemic species there, the situation would suddenly become more complex. Could the endemic species have been displaced by the locusts? Or, possibly we could not find the endemic because October was too late in the season; the type series of S. socorro had been collected in May. The only way to decide was to explore different parts of the island.
One of the most unique habitats seemed to be Mt. Evermann. Many Schistocerca spp. are arboreal, and it seemed like a good idea to explore the forested area leading to the volcano. The hiking trail to Mt. Evermann was located about 5 km north of the naval station, and we got a ride there from a naval officer. Castillo, who had visited the mountain previously, told us the hike would take about 4 h. In the beginning, we followed a narrow trail that military personnel occasionally used.
About an hour into hiking, Song saw a brown insect fly across his face and swung his net. Inside was a reddish-brown grasshopper. It was not S. piceifrons. It was also different from the probable S. nitens that he caught at Braithwaite Bay. Was this the endemic species? We carefully put the specimen in a container and continued hiking. The visible trail abruptly ended at the entrance to a forest. Instead of a trail, tree branches were marked with paint or ribbons, which were often missing, making it easy to get lost. "Chapulin!" shouted Enrique Arias, who was following behind. In his net, there was another brown grasshopper. It was a female, also very different from S. piceifrons.
When we came out of the forest, a very steep rocky trail was waiting in front of us. As we approached the top of the mountain, we could smell sulfur. The crater was filled with short grasses and weeds; but unlike the lower elevations, where locusts were everywhere, we initially could not find any locusts or other insects. While exploring the crater, Song noticed something flying. He initially thought that it was the same grasshopper species as the one caught in the forest because the flight pattern looked similar. When finally caught, it looked like S. piceifrons, but much smaller. While in the crater, we caught a couple more adult males and four nymphs. One nymph was pinkish brown, and three were green. The only way to know the identity of these nymphs was to rear them to adults.
So how many Schistocerca spp. were there on Socorro Island? There was the locust species, S. piceifrons; the one that looked exactly like S. nitens; the ones from the forest; and the ones from the crater. We now had four different-looking Schistocerca from an island that reportedly had only one species.
Back at the field station, Song examined all four simultaneously and compared them with the photographs of the type specimens. Finally, he concluded that there were three Schistocerca spp. on Socorro Island. The locust species that was found everywhere in the lower elevations was S. piceifrons. Those from the crater were also S. piceifrons, but in the solitarious phase (Fig. 7) . The ones from the forest were the endemic species, S. socorro (Fig. 8) .
The one that looked exactly like S. nitens was, in fact, S. nitens. How S. nitens colonized the island is a mystery, but knowing that a breeding population is found in Hawaii (Kim 1965) suggests their ability to colonize from the mainland. What is really interesting is that Socorro Island was invaded by Schistocerca at least three times independently. When we went up to higher elevations on Mt. Evermann, we did not see high locust activity. The plant composition changed and we began to see the endemic species. It seemed as though there was a sharp habitat division between the locust species and the endemic species. Schistocerca a. socoro was found at lower elevations in 1925, but the locust species seems to have eliminated the endemic species from those areas. Curiously, the locust From two specimens of S. socorro we collected in the forest on Mt. Evermann, we concluded that the endemic species is not sympatric with S. piceifrons, contrary to what we originally suspected. The two species have distinct habitat preferences, the endemic species favors an arboreal habitat at higher elevations. Schistocerca a. socorro is a sedentary species with small population densities. This is similar to other sedentary Schistocerca spp. in North America (Song 2004b) . It also has a pronounced sexual dimorphism, the male being much smaller than the female. To learn more about the endemic species, we needed more specimens and decided to search different parts of the island.
One of the study sites for the UNAM team was an enormous field of native Senna obtusifolia (L.) Irwin & Barneby (Fabaceae). Near it, there was a hiking trail up a hill. The elevations (550 m) seemed high enough for the endemic species to occur. The Senna field was populated by many locust nymphs, but after about 40 min of hiking up, we did not see any more locusts. We also began to notice a different plant composition, consisting of a native fern, Pteridium caudatum (L.) Maxon (Hypolepidaceae), and diverse kinds of trees. Here we spent a few hours collecting. In the end, we collected several adult S. socorro and a few nymphs. We were positive that these nymphs belonged to the endemic species because the lower margin of the outer face of the hind femur had a distinctly yellow stripe, which is never found in the locust species.
The northern most area of Socorro is called Playa Norte. Because it was at the opposite end of the island from the naval station, it was only accessible by a boat that would travel around the island. We rode a naval ship called an interceptor; and when we arrived there, a small yet peaceful beach was waiting for us. The beach abruptly ended with a forest of a tall native bush, Dodonea viscosa Jacq.
(Sapindaceae). Behind the forest, there was a steep hill covered with native Croton masoni. Because the forest was very dense, we used machetes to open a path. Strangely, there was no S. piceifrons at all. After exhaustive machete swinging, we were finally on top of the hill, where we saw numerous S. socorro flying. However, they were extremely difficult to catch, and we only managed to obtain one female.
It was now clear that there were several sustainable populations of the endemic species on Socorro Island. Although the locust species greatly outnumbers the endemic species, it seems to have displaced it only at lower elevations in more disturbed habitats, such as Braithwaite Bay. We later found both Schistocerca spp. in the Pteridium field, but we suspect that it was because the locusts were traveling through the endemic species habitat, and were not true residents. It also seemed that the endemic species population had declined significantly since the time Keifer first collected in 1925. This was deduced as follows: It took five of us 17 d to collect fewer than 20 specimens of this alert and elusive grasshopper, whereas Keifer managed to collect 12 specimens by himself during his 10 d on the island. We were fortunate enough to find the habitats for S. socorro, but there is much to learn about this unique endemic species.
Locusts, Locusts, and More Locusts
A military air strip is located in the eastern part of Socorro Island. One study site of the UNAM team was located west of the landing strip, a field predominantly filled with native Pteridium ferns. The Pteridium field was about an hour's hike from the landing strip. About halfway to the study site, we found several patches of native Cordia curassavica (Jacq.) Roem. & Schult. (Boraginaceae). There was something strange about one patch. All the leaves were red and moving! They were not leaves, but thousands of gregarious nymphs of S. piceifrons (Fig. 9) . We never saw a higher nymphal density during our stay on Socorro. Nymphs were not feeding, but simply perched or moving around the leaves and branches of the shrubs. We walked around the Cordia patches and realized that what we saw was just the tip of the iceberg. There was an enormous nymphal band, a few kilometers in length, which probably contained millions of nymphs. It was early in the morning, and most nymphs were still roosting, while some began to come down from the plants. While the UNAM team went ahead to the Pteridium field to do a standard survey, Song stayed behind to observe nymphal behavior. Not many people have an opportunity to watch a nymphal band, and it was a surreal experience to be surrounded by millions of nymphs.
Around 10:30 a.m., more nymphs began to come down from the shrubs. Soon the ground was filled with nymphs. They mingled with each other, and many times they were on top of each other. Generally, they were facing the same direction. Around 11:00 a.m., the nymphs began marching, all of them rapidly walking in the same direction (Fig. 10) . When Song stepped into the marching band, the nymphs scattered, but soon they reorganized and continued to march as before. At first, they were all marching southwest. Although there were no apparent leaders in the nymphal band, when a few individuals hopped toward a certain direction, others would follow. Ones still hanging onto the shrubs jumped out and joined the band. Initially, Song suspected that the nymphs were moving in response to wind direction, which is the case with a flying adult swarm. However, the nymphs frequently changed their direction regardless of wind direction. It seemed that the nymphs were marching toward a patch of vegetation. The distance between the patch where nymphs were earlier and the next patch was only about 10 meters. Because there were so many nymphs, it seemed like a continuous flow of red liquid on the ground. Around 1:00 p.m., the band size and density suddenly increased. The next Cordia patch started to fill with nymphs, and the previous patch had fewer and fewer nymphs. The band movement finally stopped around 3:00 p.m.. The patch that was filled with nymphs in the morning was now completely empty. There were only minor signs of feeding.
Song placed his hand into the dense aggregation of nymphs and found that it was warm. He easily grabbed about 30 individuals with one hand. It seemed that the nymphs were resting and raising their body temperature by basking in the middle of marching (Fig. 11 ). At such a high population density, the gregarious phase would be induced and maintained. It was interesting that these nymphs were all fourth instars, compared with the last instar nymphs at Braithwaite Bay. Whether this indicated that there were several independent populations of slightly different phenologies, or one large population with slightly different maturation rates based on temperature differences, is unknown.
Another island study site was Las Grutas, a 30-min hike from the field station. More than 90% of this low-elevation site was covered by native Croton masoni. It was also a known high-density locust area. We visited Las Grutas several times during our 17-d stay on Socorro. During the first trip, most of the locusts were last instars; and we frequently saw emerging adults. These teneral adults could not fly, but just hopped around like the nymphs. The second time we went, most of the locusts had already molted to adults and were voraciously feeding on C. masoni. Their flight capacity was still not strong, and most of them simply flew up and down as we approached the area. The third time we went, we could not find the locusts. Instead, we found a large field of bare shrubs, under which were piles of fecal pellets. Curious about the extent of the damage, we walked through the barren field for about 2 km before we began to see leafy shrubs, and there we found the locusts. Whenever we stepped near a green shrub, a cloud of locusts flew away from us. When some locusts flew up, others joined in, and soon there were thousands of locusts darkening the sky. They were all flying in the same direction (Fig. 12) . Sometimes a sustained flight would last for 5-10 min, but we did not observe any mass migration.
From the observations, we made in October 2004, it was evident that the teneral adults we found at Las Grutas were the offspring of August adults. These locusts mature further and form swarms in winter and spring (Cano-Santana et al. 2005 ). However, we only documented one oviposition event in August. This is different from what happens on mainland México and in Central America, where there are two generations a year, one maturing in summer and another in the following winter and spring after imaginal diapause (Barrientos-Lozano 2002). Given how geographically far south Socorro is, it would certainly be possible to have two generations in some good rain years, but we currently do not have a conclusive answer.
Sick Locusts
Locusts, despite their strong flight capacity and ability to swarm, are not immune to predators and natural enemies (Steedman 1990 , Lomer et al. 2001 . We frequently came across darkened nymphs dangling from a spider web (Fig. 13) . Many individuals that failed to successfully molt ended up becoming food for ants. Lizards, introduced geckos, and endemic birds would feed on locusts (Cano-Santana et al. 2005) . These predators made little difference to the total locust population. However, some natural enemies of the locusts that we found on the island deserve specific mention: an entomopathogenic fungus and parasitoid flies.
In mainland México, S. piceifrons is the single most important locust pest, and there is currently an ongoing integrated pest management (IPM) effort to use bioinsecticides (Barrientos-Lozano 2002, Barrientos-Lozano et al. 2002) . Metarhizium anisopliae var. acridum Driver and Milner (Deuteromycotina: Hyphomycetes), a fungal pathogen, is very effective in controlling locusts and grasshoppers (Hernández-Vélazquez et al. 2003) . It infects insects by developing a specialized structure called an appresorium, which grows from the fungal hyphae. The appresorium penetrates the insect cuticle using enzymes, and the mycelium continues to grow inside the insect (Lomer et al. 2001) . When effectively applied, the fungus can kill insects within dum from the Socorro S. piceifrons, which Milner et al. (2003) determined to be more virulent than other naturally occurring Metarhizium isolated in México. We found several individuals infected with this fungal pathogen during our stay on Socorro, but the occurrence was very rare.
We later learned from Jorge Soberón of CONA-BIO that the Méxican government authorized the spraying of the Socorro locusts in late 2003 with another general entomopathogenic fungus, Beauvaria bassiana (Bals.) Vuill. Preliminary data collected by Cano-Santana et al. (2005) , based on their seven trips, suggest that the infection rate of Beauvaria in S. piceifrons was as high as 11% in February 2004, but the occurrence was significantly reduced later in the year. We found no endemic species infected with either Metarhizium or Beauvaria, but we did find some individuals infected with a third, unknown, fungal pathogen.
Collected locusts were kept alive to look for the emergence of parasitoids. We found that the locusts were infected with at least three parasitoid species, one being possibly Ceracia sp. (Diptera: Tachinidae). The UNAM team also reared probable Ceracia from third instars of the endemic species in November 2004 (Cano-Santana et al. 2005) . In North America, Ceracia dentata (Coquillett) has been reported in grasshoppers, with parasitism rates ~5% (Rees 1973) . We wondered if the locusts were infected before they colonized the island, or whether there was a host shift from the native Trimerotropis pallidipennis grasshopper, which we found fairly common.
Green Nymph Enigma
On the first day, we found green Schistocerca nymphs on introduced Boerhavia coccinea at Braithwaite Bay, but we could not positively identify them because most immature Schistocerca look similar. Because immature Schistocerca are often associated with specific host plants (Sword and Chapman 1994, Sword and Dopman 1999) , further investigations were undertaken. Song surveyed different parts of Las Grutas, because B. coccinea was abundant throughout, and he discovered that green nymphs were always found on this plant species. We could rule out the endemic species and the locust species because the former only occurred in the higher elevations around the forested areas and the latter had a gregarious color pattern. We were left with only one option: the green nymphs must be S. nitens.
About halfway into our stay, one of the green nymphs (Fig. 14) that we kept in a cage shed its final nymphal skin. We could not believe our eyes. It did not resemble S. nitens at all. Rather, it looked exactly like S. piceifrons, the locust. It was S. piceifrons! Soon some more green nymphs matured, and they were all S. piceifrons.
We could not explain this phenomenon. It is certainly possible for a locust nymph to have a solitarious green color, but that is only possible when the individual grows in an isolated condition because phase is density-dependent. In the case of the desert locust, researchers have to keep the individuals separate, free from any tactile, visual, and olfactory stimuli, for several generations to achieve a fully solitarious phase (Simpson et al. 1999) . But here on Socorro, something strange was happening. It was, however, premature to say that the green nymphs were solitarious simply because they were green. Solitarious coloration did not necessarily mean that they were phenotypically solitarious, and it was important to observe their behavior in the field. Although several individuals were found on a single B. coccinea, there seemed to be no interaction among individuals. They were shy and would hide behind a stem when approached. Their behavior was typical of sedentary grasshoppers (Hubbell 1960 ).
There were several occasions when a nymphal band marched through the B. coccinea field. According to desert locust research, the solitarious nymphs should join the band because the change in local density would rapidly trigger behavioral gregarization (Simpson et al. 1999) . But on Socorro, the solitarious nymphs remained attached to their plant without joining the band. Schistocerca piceifrons on Socorro was breaking all the rules of locust research. At first, we suspected that the green nymphs had developed a feeding preference for B. coccinea. Although grasshoppers are typically generalists, nymphs usually have a narrower breadth in terms of plant use (Sword and Chapman 1994, Sword and Dopman 1999) . After a simple feeding experiment, however, it became evident that the green nymphs actually did not prefer introduced B. coccinea over native Croton masoni and native Cordia curassavica. Why, then, were the green nymphs always found on B. coccinea if there was no host preference? We could not come up with a plausible explanation, but it is certainly an interesting question to pursue in the future.
Question of Origin
When and how did the locusts colonize Socorro? Based on the distribution of S. piceifrons in Latin America, it appears that the island was colonized from México. Because the prevailing wind direction in the Pacific Ocean is from east to west, many organisms with limited mobility could be blown from the mainland to Socorro. For Schistocerca, which is known for its strong flight capacity, a migratory flight over the Pacific Ocean is a simple and plausible explanation. For example, the desert locust frequently flies over the Red Sea during outbreak season (Steedman 1990) . In 1988, a swarm of desert locusts successfully crossed the Atlantic Ocean from western Africa to the West Indies, a distance exceeding 5,000 km (Kevan 1989, Ritchie and Pedgley 1989) . Although an oceanic flight has never been recorded for S. piceifrons, a 500-km journey is well within the flight capacity of the species (Song 2004a; Lovejoy et al. 2006 ). It is not clear whether there were multiple colonization events or not, but it is obvious that a population of successful colonizers was present in 1925 on neighboring San Benedicto, when the expedition led by Hanna witnessed a swarm (Hanna 1926) . Interestingly, however, that same expedition did not comment on any swarming locusts on Socorro Island during its stay. In fact, they were surprised at the lack of large flying insects at the lower elevations of the island.
Since 1925, there have been several entomological expeditions to the Revillagigedo Islands. Palacios-Vargas et al. (1982) examined all the insect specimens collected from Socorro by the Crest Expedition (1955), the Steele Expedition (5-10 June 1977) and the Gerardo Guerra Expedition (16-18 October 1977) , and they only list the endemic Schistocerca spp. Our efforts to recover these expedition grasshoppers from the California Academy of Sciences and the Natural History Museum of the Los Angeles County were unsuccessful. Thus, there are two possible explanations for the presence of locusts on Socorro Island. The first possibility is that the locusts emigrated from San Benedicto Island before that fauna was wiped out in 1952. Once on Socorro Island, the locust population size may have remained low and solitarious, and thus inconspicuous, for many years. However, perhaps because of more favorable conditions (prolonged droughts or rains), changes in land management (deforestation), and/or introduction or increased number of exotic organisms (sheep, cats, mice, fruiting trees, etc.) that may have altered natural habitats, there could have been a recent locust outbreak. The second possibility is that the current populations on Socorro are the result of a recent, direct colonization from the Méxican mainland. A population genetics study is currently being designed to answer the question of origin, but for now, it remains an unsolved mystery.
Long-Term Recommendations
Because we were originally approached by many concerned Méxican officials and scientists regarding what action, if any, should be taken against the locusts, we now present our thoughts. According to the Méxican Navy staff based on Socorro Island, the first reported locust swarm on Socorro Island was in 1993 (Hernández-Vélazquez et al. 1997 ). Thus, we postulate that S. piceifrons has been in the gregarious phase for more than 10 yr. However, we were repeatedly informed that only within the past few years, had the locusts been causing extensive damage to vegetation and altering the natural balance on Socorro Island. Some ornithologists even claimed (Wallace 2003 ) that the locust swarms have destroyed bird habitat.
We think the habitat destruction is likely a result of several factors, not just the locusts. It is not clear exactly what caused the sudden increase in locust populations, but it is likely that favorable weather conditions (such as a good rain season after a prolonged dry season) have significantly contributed to the current situation. Initial habitat destruction was most likely caused by feral sheep and human activities. Such disturbances could predispose an area to locust outbreaks, a proposition supported by our finding locust swarms mostly limited to lower elevation sites on the southern part of Socorro near the naval base. The correlation between disturbed habitats and locust occurrence also is supported by the lack of locusts on the northern part of the island where habitats because of their isolation, are essentially intact.
Considering the size of locust populations and the size of the island, they must be doing considerable damage to the native flora. Unfortunately, the extent of damage has never been thoroughly evaluated. It is also not clear how the locusts are affecting the native fauna. Schistocerca a. socorro seems to be confined to higher elevations, perhaps because of competitive exclusion. It is also obvious from anecdotal evidence and the data from UNAM, that the locust populations have been on the rise for the past few years. Here, in light of our observations, we recommend the following:
1. Continue to study the biology and ecology of the locust and the endemic species. We have identified little more than their habitats and basic ecology. How this naturally colonizing locust species has adapted to the island environment is a fascinating subject. The interaction between the three Schistocerca spp. also needs to be studied. The endemic grasshopper species deserves special attention similar to that given to the endemic birds.
2. All possible efforts should be made to completely eradicate the introduced sheep because they are particularly problematic in destroying habitats, and may be inadvertently creating a favorable environment for locust outbreak development. Once the sheep are eradicated, similar efforts should be given to other introduced animals such as cats, mice, and geckos. Once these non-native species are eliminated, perhaps a more natural, recovered ecosystem will result in decreased numbers of S. piceifrons. Similarly, human disturbance should be minimized and non-native plants such as Boerhavia coccinea should be eliminated as much as possible.
3. Because the locust populations are localized geographically and behaviorally, we believe that blind widespread spraying of either chemical or biological pesticides should not occur. Such activities can have widespread and unintended effects on many elements of the fauna-including the endemic Schistocerca, the native Trimerotropis grasshopper, and many other insects. We believe strongly that recommendations 1 and 2 should be initiated first, with a solid assessment of actual and potential damage caused by locust swarms to native flora and fauna. Basic education of locust biology to military personnel should also be undertaken.
Should limited eradication efforts be supported by the results of recommendations 1 and 2, then an integrated sustainable locust control program could be implemented. Complete eradication of the locusts is probably not only impossible, but also not biologically justifiable because the present locust situation on Socorro Island has undoubtedly happened other times in the past. Finally, we support Lockwood's (2002) viewpoint: "Rather than attempting to totally eliminate large-scale, highdensity outbreaks, we now try to thin infestations, understanding the importance of leaving enough grasshoppers in the field to sustain the predator and parasite populations that will [hopefully with time] reestablish natural constraints."
Epilogue
Seventeen days on Socorro Island passed by like a dream. As with many interesting biological situations, our visit resulted in more questions than the answers we were originally seeking. Yes, we made some important discoveries. We found that the population size of the locusts was very large. We deduced the phenology and ecology of the locusts. The locusts were mostly in gregarious phase, which indicated that it was an outbreak period, but we found a solitarious population on top of Mt. Evermann as well. To our surprise, the green nymphs on B. coccinea turned out to be solitarious locusts. We also "rediscovered" the endemic species and ascertained its present habitat. Discovery of three individuals of a third species, S. nitens, was an unexpected addition. However, as we learned more about these creatures, we began to feel that we knew less and less.
Can we know when and from where the locusts might have colonized the island? Can we find out why locusts have not decimated the native flora, despite their large population size? Can we figure out how gregarious and solitarious phases can coexist? Can we learn if the endemic species is competitively excluded by the locust? What about the presence of S. nitens?
Scientists have spent more than a century learning about locusts, and we are still finding new things. Perhaps the key to understanding the evolution of swarming behavior is within this locust island. We will keep asking questions-And hope that someday we will have more answers than questions. 
